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Abstract—This paper investigates the integration of coded
caching (CC) into fluid antenna (FA) multiple access (FAMA)
systems to overcome their fundamental performance limitations.
While FAMA has demonstrated strong interference suppression
capabilities without relying on precoding, its delivery rate sat-
urates in the high signal-to-noise ratio (SNR) regime due to
residual multi-user interference, and it requires at least as many
transmit antennas as served users. On the other hand, CC
eliminates multi-user interference by jointly designing caching
and delivery phases, but suffers from the well-known worst-
user bottleneck, especially under wireless fading channels and
low SNR conditions. To overcome the interference-limited nature
of FAMA and the worst-user bottleneck in CC, we consider a
CC-enabled FAMA framework. The proposed approach enables
interference-free transmission to multiple users using a single
transmit antenna, and leverages adaptive port selection at the
users to combat channel fading. We analyze the average rates
and effective gains of XOR-based CC and the recently developed
aggregated CC (ACC) schemes under the FAMA framework,
and derive simple closed-form approximations that accurately
characterize the performance. Furthermore, we rigorously prove
that, in the limit where the number of FA ports grows without
bound while maintaining sufficient spatial diversity, the effective
multiplexing gains in the low-SNR limit of both XCC- and ACC-
enabled FAMA asymptotically achieve the nominal gain that
is only attainable under high-SNR conditions with traditional
antennas. Simulation results show that the proposed architecture
outperforms both conventional FAMA and traditional-antenna
CC schemes, achieving significant spectral efficiency gains in a
wide range of SNR regimes.

Index Terms—Coded caching, fluid antenna, multiple access,
and multi-user interference.

I. INTRODUCTION

Recent advances in fluid antenna (FA) systems have demon-
strated their potential to enhance spatial diversity and enable
flexible adaptation to wireless channel variations [1]—-[3]. Dif-
ferent from conventional fixed-structure antennas, FAs allow
users to adjust their antenna positions within a small spatial re-
gion to exploit channel fluctuations, achieving spatial diversity
with a single radio frequency (RF) chain [4]-[6]. While this
property enhances signal reliability in fading environments,
recent works have further leveraged the physical mobility of
FAs to suppress inter-user interference through adaptive port
positioning. Building on this idea, Fluid Antenna Multiple
Access (FAMA) has been proposed as a low-complexity strat-
egy for supporting massive connectivity [7]. In particular, two
representative variants have been developed: fast-switching
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FAMA (f-FAMA) [8] and slow-switching FAMA (s-FAMA)
[9]. The f-FAMA scheme enables each user to select its
antenna port on a symbol-by-symbol basis to maximize the
instantaneous signal-to-interference plus noise ratio (SINR),
achieving significant interference suppression. To address the
practical limitations associated with frequent port switching, s-
FAMA was introduced to perform port selection only when the
channel experiences variations, thereby significantly reducing
the switching burden. One of the most attractive features of
FAMA is its ability to achieve multi-user spectral efficiency
without the need for conventional precoding [10]-[12].

A. Some Limitations of FAMA

Despite these advantages, both f-FAMA and s-FAMA face
several critical limitations. First, the systems remain funda-
mentally interference-limited, especially in small-cell scenar-
ios, such as 5G urban Micro-cells, where high signal-to-noise
ratio (SNR) conditions are common [13] and the residual
multi-user interference substantially degrades the achievable
rates. This implies that, in the high-SNR regime, the spectral
efficiency gain of FAMA over the simplest time-division
multiplexing (TDM) scheme not only vanishes, but the spectral
efficiency achieved by FA-enabled TDM grows increasingly
higher than that of FAMA as the SNR increases (cf. Fig. 1).
Second, the performance analysis of FAMA becomes highly
challenging due to the spatial correlation of the observed
channels. Specifically, the envelopes of the useful signals
across different ports are correlated, and so are the envelopes
of the interference signals. This results in the SINR values
observed at different ports being statistically dependent, which
makes it difficult to accurately characterize the distribution
of the combined SINR after receiver-side port selection or
combining [8]-[12]. Furthermore, this difficulty is further
amplified when attempting to derive the average rate, as it
requires integrating over the distribution of the combined
SINR, for which simple approximate expressions are generally
unavailable. This severely limits the theoretical understanding
and optimization of FAMA.

In addition to the aforementioned characteristics, both f-
FAMA and s-FAMA inherently require G transmit antennas
in order to simultaneously serve G users, each requesting
distinct information. This requirement originates from the fact
that, under the existing FAMA framework in [8], [9], each
transmit antenna is dedicated to transmitting an individual
information-bearing symbol to a specific user. Since the system
avoids conventional precoding or other multi-user interfer-
ence mitigation techniques at the transmitter, channel state
information (CSI) at the transmitter (CSIT) is not required—
provided that transmission occurs at a fixed rate over slow
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fading channels. The presence of G transmit antennas, together
with the associated overhead, motivates a more ambitious
question: Can we simultaneously serve G users, each demand-
ing different content, using fewer than G transmit antennas,
or even a single-antenna transmitter, while still achieving the
interference-free property at the user side?

B. Motivation of CC-Enabled FAMA

It is predicted that cacheable content constitutes nearly
90% of the overall data consumption [l4], making cache-
aided communication an effective solution for modern content
delivery [15]. However, due to limited cache sizes at the
user devices, the gain provided by conventional uncoded
caching (unCC) is marginal and often negligible [16]. To
address this, the coded caching (CC) framework has been
proposed (e.g., [16]-[18]), where the caching and delivery
phases are jointly designed before the users’ actual demands
are revealed to the server. Take the seminal XOR-based CC
(XCC) scheme in [16] as an example. Consider a network
consisting of a total of K users, each equipped with a cache
of normalized size v € [0,1] relative to the library content.
XCC effectively transforms the interference channel into a
broadcast channel (BC), enabling the simultaneous delivery
of K~ + 1 distinct messages without multi-user interference
and without requiring any cooperation among users during the
delivery phase. The factor Ky + 1 is commonly referred to
as the theoretical CC gain, which is the spectral efficiency
gain over unCC in the high SNR limit.! Nonetheless, the
performance of CC is severely constrained by the well-known
worst-user bottleneck, where the multicast transmission rate is
limited by the user with the weakest channel [19]-[21]. This
limitation becomes particularly severe at low SNR, where the
spectral efficiency gain achieved by CC degrades significantly
and could even vanish [22]. This implies that when simultane-
ously serving K~ + 1 users using either CC or FAMA—two
fundamentally different schemes—CC tends to achieve higher
spectral efficiency in the high-SNR regime, whereas FAMA
may outperform CC in the low-SNR regime. This naturally
raises the question: Can CC be effectively integrated with
FAMA to achieve substantial spectral efficiency gains across
the entire SNR regime?

In addition to the worst-user bottleneck, CC also suffers
from the finite file subpacketization bottleneck [23]-[25]. Most
CC schemes typically require each file to be split into many
equal-sized and non-overlapping subfiles, which often leads to
file sizes that grow exponentially or near-exponentially with
the total number of users. However, due to practical file size
limitations and restrictions imposed by network protocols, it
is not feasible to arbitrarily partition a finite-size file into
such a large number of subfiles. Under the finite file size
constraint, CC is typically performed over a subset of A users,
where A (A < K) is determined by the maximum allowable

'Both unCC and CC schemes benefit from the same local caching gain,
which reduces the volume of data required during the transmission phase
by pre-storing a fraction y of the library content at each user. However,
unCC does not improve the spectral efficiency of the transmission phase,
whereas CC introduces an additional gain by enabling a K+ 1-fold user-level
multiplexing space [16]. This multiplexing is independent of physical-layer
multiplexing (e.g., spatial multiplexing via multiple antennas).

subpacketization level, and the process is repeated V = K/A
times to serve all K users [23]-[25], which results in the
fact that V' users cache the same content. Furthermore, the
theoretical CC gain of K« + 1 is substantially reduced to a
nominal gain of A~ + 1.

Recently, the aggregated CC (ACC) scheme has been pro-
posed in [22], [26], along with its follow-up studies [27]—
[29], introducing a novel and elegant transmission strategy.
ACC exploits the unavoidable subpacketization bottleneck to
asymptotically eliminate the worst-user constraint by grouping
users that share the same cache content, thereby transforming
the worst-user limitation into a worst-group bottleneck and
realizing a spatial averaging effect. ACC is a transmission
scheme specifically designed for CC over wireless fading
channels, which is compatible with a wide range of existing
CC frameworks, including distributed CC schemes (e.g., [30],
[31]). More importantly, ACC serves as a bridge between
CC and physical-layer (PHY) techniques, enabling their joint
design to be practically realizable. For example, ACC has been
successfully combined with non-orthogonal multiple access
(NOMA) to achieve significant spectral efficiency improve-
ments in wireless networks [29]. However, when the number
of users is relatively small, the spatial averaging effect in-
troduced by ACC becomes less pronounced, and its ability
to alleviate the worst-user bottleneck tends to saturate as the
user population increases (cf. [22, Fig. 3]). This suggests that,
in practical network scenarios with a moderate number of
users, ACC alone may not be sufficient to fully overcome
the limitations imposed by channel heterogeneity. In such
cases, it is necessary to incorporate additional PHY techniques
designed to combat channel fading.

FA offers a promising PHY mechanism to complement
CC, especially under wireless fading conditions. Through
adaptive port selection, FA provides spatial diversity that helps
mitigate deep fading, thereby improving the effectiveness of
CC transmission, particularly in the low-SNR regime. When
CC is employed to eliminate multi-user interference in FAMA
for simultaneously serving G users, the role of FA shifts
from interference suppression to being fully utilized for port
combining at each user, while allowing a single-antenna
transmitter to support such multi-user transmissions. This
transformation turns the interference-limited FAMA network
into a BC, where users decode their intended messages without
being affected by co-scheduled transmissions. As a result, the
achievable transmission rate scales linearly with the SNR (in
dB) in the high-SNR regime. In addition, unlike f-FAMA, the
CC-enabled FAMA scheme does not require symbol-level port
switching at receivers; similar to s-FAMA, it only updates the
selected port when the channel varies, while also avoiding
the need for channel training with G transmit antennas in
conventional s-FAMA.

Nevertheless, existing studies on FAMA have largely fo-
cused on PHY design (e.g., [8]-[12]), with little attention to
how the widely available caching resources at user devices
can be efficiently leveraged to further improve the spectral
efficiency. In contrast, most existing works on CC—as a form
of network coding—focus on studying information-theoretic
tradeoffs (e.g., [16]-[18]) while paying limited attention to
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PHY transmission aspects, let alone emerging movable an-
tenna technologies such as FA. Motivated by this gap and the
aforementioned synergies between CC and FA, we integrate
these otherwise separate research areas, which are considered
in different layers of the communications network, thereby es-
tablishing a unified framework for CC-enabled FAMA. To the
best of the authors’ knowledge, no prior work has addressed
this integration.’

C. Main Technical Contribution

This paper aims to analytically evaluate the performance of
FAMA systems empowered by CC. By deriving simple yet
accurate closed-form expressions for the average transmission
rate under both XCC and ACC schemes, we provide a quanti-
tative characterization of the delivery behavior in CC-enabled
FAMA networks. The key technical contributions of this work
are summarized as follows.

o We first investigate the integration of the conventional
XCC scheme into the FAMA framework. We analyze the
resulting system’s average transmission rate and derive
a simple yet accurate closed-form approximation, which
provides valuable insights into the performance of XCC-
enabled FAMA under practical wireless fading channels.

o We further explore the performance of the recently devel-
oped ACC scheme when applied to the FAMA system.
By leveraging the Central Limit Theorem (CLT) under
the condition of a sufficiently large number of users, we
obtain a tractable and intuitive approximate closed-form
expression for the average rate.

o Based on the derived expressions for the average rate,
we parametrize the effective gain of CC-enabled FAMA
over conventional FA-enabled TDM systems. This metric
captures the spectral efficiency improvement at finite
SNR (cf. Definition 1). We further establish, through a
rigorous analysis, that the effective gains of both XCC-
and ACC-enabled FAMA, in the low-SNR limit, can still
fully attain the nominal gain (achieved in high SNR) as
the number of independent FA ports increases.

Paper Structure: Section II presents the system model,
including the transmission scenario, the design of CC schemes,
and the considered performance metrics. In Section III, we
analyze the transmission performance of the XCC-enabled
FAMA scheme and derive a closed-form expression for the
average rate. Section IV focuses on the ACC counterpart,
where we derive a simple closed-form rate expression under
the regime of a large user population. Section V provides
numerical results that validate the accuracy of the analytical
expressions and compare the proposed CC-enabled FAMA
with conventional FAMA and CC systems based on tradi-
tional antenna architectures, demonstrating the effectiveness
of the proposed framework. Finally, Section VI concludes the

2 Although a very recent study [32] investigates the use of FAs in cache-
aided communication systems, it is based on an unCC framework where
popular files are stored at base stations (BSs) instead of at the user side.
This setup is primarily aimed at reducing the traffic load on the fronthaul link
between the core network and the BSs, rather than improving the spectral
efficiency of the wireless downlink between the BS and the users. Therefore,
it fundamentally differs from the CC considered in this work.

TABLE I
NOTATIONS OF IMPORTANT VARIABLES AND FUNCTIONS

Notation Definition

K Total number of users
[a] For a positive integer a, the set {1,2,...,a}
K\ {k} Given a set K and an element k € /K, the set with k removed

[ Magnitude of a complex number
£, norm of a vector

{0,1}M  The set of all length-M vectors with entries in {0, 1}.
C The set of all complex numbers

CN Complex-valued Gaussian distribution

N Real-valued Gaussian distribution

Ll> Convergence in the mean

22, Almost sure convergence

P Transmit SNR

L Number of fluid antenna ports

0r The all-zero column vector of length L

Iy The L X L identity matrix

F Total information bits per file

F Library with each file of F' bits

N Total number of files in the library F

¥ Normalized cache size relative to the library content

A Number of distinct cache states

G = A~ + 1, nominal gain of coded caching

g Set of G user groups, each group with a distinct cache state
\% Number of users caching the same content.

J Spatial correlation matrix among the fluid antenna ports

M Rank of the spatial correlation matrix J

M

4 Number of independent fluid antenna ports

Hg Expected minimum of G i.i.d. AN(0,1)
Ei(+) Exponential integral function

G2.(-)  Meijer G-function

Q~) Tail distribution function of N(0,1)

Jo(+) Zeroth-order Bessel function of the first kind

paper. To improve clarity, the key variables and functions are
summarized in Table I.

II. SYSTEM MODEL

We consider a wireless downlink system where a traditional
single-antenna transmitter serves K cache-aided users. Each
user requests a distinct file from a library F = {W7,..., Wy}
consisting of N (N > K) files, each of size F bits.® Every
user is equipped with a cache of normalized size v € [0, 1],
allowing local storage of up to yNF bits. Each user is
equipped with an FA composed of L evenly placed ports.
We consider two distinct CC schemes—XCC and the recently
proposed ACC—both enabling the simultaneous service of
G (G < K) users without inter-user interference. During
the transmission phase, the transmitter broadcasts a sequence
of signal-bearing symbols encoded from the requested file
segments over wireless channels, each intended to be decoded
by a designated subset of users based on their cached content.

Let s denote one such transmitted symbol, with power P; =
E{|s|?}. The received signal at user k € [K] is given by

Yr = hps + 2, (D

3Discussions on the file popularity, the file size assumption, and practical
implementation examples of CC can be found in [25, Example 1].
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where hj is the effective complex channel gain after port
selection from the user’s FA, and z;, ~ CN(0, Ny) is additive
white Gaussian noise (AWGN). The instantaneous SNR at user
k for decoding s is of the form SNRy, = p|hy|?, with p £ %
representing the transmit SNR.

We consider a Rayleigh fading environment, and the channel
gains observed across the L ports of each FA are spatially
correlated. Consistent with [10], [32], we assume that all users
are equipped with identical FA architectures (e.g., standardized
FA modules). Consequently, the spatial correlation matrix J
is identical for all users. Let h; = [h,(cl),hgf)7 o .,h;f)]-r €
CE*1 denote the complex channel vector between the trans-
mitter and the L FA ports of user k. Given the correlation
matrix J € CE*L the channel can be modeled as [4], [6]

hy = J? Zy, )

where Zy, ~ CN(0p, I) is a random vector with independent
and identically distributed (i.i.d.) standard complex Gaussian
entries.

Each user k selects the port index mj € [L] corre-
sponding to the largest instantaneous channel envelope [4],
[8] mj; = argmaxpc|r] |h,(€m)|, and the resulting effective
channel magnitude is |hx| = max,, ¢ |h§€m)|. Accordingly,
the instantaneous SNR at user £ is expressed as

SNRy, = plhi|? = p- max |A{™)2. 3)
me[L]

A. ACC and XCC Design

We begin by introducing the design of ACC [22], [26],
which follows the conventional structure of cache-aided com-
munication systems. In particular, it consists of two sequential
phases: a cache placement phase conducted during off-peak
hours, and a content delivery phase that takes place during
peak traffic periods. We begin by recalling a key information-
theoretic result, which serves as the foundation for the upcom-
ing design of ACC.

Proposition 1: Consider a B-user Gaussian BC, where
each user b € [B] aims to decode message W, and has
access to side information about all other messages, i.e.,
Wi = {W}, }p2o.c[p)- The capacity region of this setting
is characterized by

C={(Ry,...,Rp): Ry, <In(1+SNRy), ¥be [B]}.

Proof: We refer to [33, Thm. 6] for the proof. |
We proceed to elaborate on the ACC design in the following.
Placement Phase: Each file W,, € F, n € [N], is divided

into equal-sized, non-overlapping ( ,(\W) subfiles as

Wy — {WI T C [A], Cardinality of T = Av}, (4)

where each subfile is indexed by a unique subset 7 of size
A~. The entire set of K users is arbitrarily partitioned into
A disjoint and ordered groups, each of size V = K/A, such
that all users within the same group are assigned identical
cached content. Specifically, every user in group g € [A] stores
all subfiles {W,] : g € T, Vn € [N]}. As a result, each user

stores ( /(\7:11) subfiles from every file in F. The total cached
1&111) ( ff y = ~F bits, which confirms that

. \Ay .
each user caches a fraction v of every file content in F.

content per file is (

Delivery Phase: The delivery phase is divided into
( A 7A+1) transmission stages. In each stage, a unique user-group
set G C [A] with G = Ay + 1 groups is selected, and at each
transmission round, as many as G users are served at a time,
one user from different groups in G. Denoting the user being
served in group g as Uy, and dg ,, being the index of the file
requested by the user where g € G and v € [V], the server

sends
xaoc = x ({wio . gegl), 5)

where X(-) is a multi-rate encoded signal* achieving the
channel region described in Proposition 1. Given the cache
placement strategy, for any group index ¢’ € G\ {g}, it holds
that g € G\ {¢'}. As a result, user U, , has pre-stored the

set of subfiles {Wg\{gl} : ¥n € [N]}. Therefore, each user
participating in this multi-user transmission can successfully
decode the signal X£ using its cached content, and does so
at its own single-user decoding rate, as if no other users were
simultaneously served. Users within each group are served
sequentially in a round-robin manner. Once a user Uy, in
group g € G successfully decodes its designated subfile, it is
replaced by the next user Uy . in that group. This replacement
continues until all V' users in each group have been served.
When U, is replaced by U, ./, the new subfile de\{f’} is
jointly encoded with the remaining untransmitted portgigns of
the subfiles involved in (5), thereby generating a new coded
multi-rate signal. This ensures that the multi-rate transmission
proceeds without interruption. The process is repeated over all
subsets G C [A] of size Ay+1, such that every user ultimately
obtains its requested file in full. A detailed exposition of
the ACC framework is provided in [22], including additional
discussions such as the treatment of non-integer values of V.
XCC Design: Motivated by the observation in [22,
Remark 4] that most studies addressing the finite file-size
limitation are built upon XOR-based transmission schemes,
this work also incorporates the XCC strategy for analysis.
The classical XCC scheme (e.g., [16]) adopts the same cache
placement strategy as ACC. In the delivery phase, it also
operates over ( A ;\H) transmission stages, with each stage
targeting a distinct group set G C [A] of size G = Ay + 1.
The key distinction lies in the transmission method: instead of
the multi-rate stream in ACC, the server broadcasts a bit-wise
XOR of subfiles, each intended for a user from a different
group in G, given by
X500 = D, Wi ©®
where €D denotes the bit-wise XOR operation. All G users
must successfully decode the same multicast bitstream X ¢
to obtain their respective subfiles using their local cache
content. Consequently, the transmission rate is constrained by
the user with the weakest channel, leading to the well-known
worst-user bottleneck. Once the current set of G users—each
selected from a different group in G—completes the decoding

It is important to note that this multi-rate transmission approach does not
involve any form of resource splitting, such as power splitting. The transmitter
broadcasts common symbols, and each user is able to decode its intended
content at its own single-link capacity by leveraging its locally cached data.
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of Xésc, the next set of G users in G is selected and
served in the same manner. This process continues until all V'
users in each group have successfully received their intended
subfiles. After completing all ( A $+1) group selections, every
possible G C [A] has been served, ensuring that all users fully
reconstruct their requested files.

Remark 1: CC is a form of network coding and does
not increase PHY complexity. In the proposed CC-enabled
FAMA design, port selection follows the s-FAMA principle
(triggered only by channel variation), so its PHY complexity
is comparable to s-FAMA and much lower than f-FAMA.
Relative to traditional antenna (TA) based CC, the PHY
operation complexity of CC-enabled FAMA is the same as
that of s-FAMA relative to TA systems.

B. Performance Metrics

When delivering the XOR-coded stream XZC€ in (6) under
the XCC scheme, the instantaneous sum rate achieved by the
G concurrently served users is given by

R%C =G In (1 + rgnelg SNRQ,U> nats/s/Hz, (7

where the factor G accounts for the fact that all G users
simultaneously obtain their desired subfiles from the same
multicast bitstream XFCC. The minimum operator in (7)
ensures decodability at the user experiencing the weakest chan-
nel. In this work, we adopt the quasi-static fading channel, a
widely accepted model for analyzing the delivery performance
of CC [20], [22]. Averaging over the channel realizations in

(7), the average rate of the XCC scheme takes the form’

Rxcc =E {Rggc} =GE {m (1 +min SNRg) } . 8

where the subscript v is omitted due to the statistical equiva-
lence across different user indices within each group. Further-
more, under the assumption of symmetric user statistics, the
average rate Rxcc remains invariant® across different group
selections G C [A].

We acknowledge that a wide range of XCC schemes have
been developed in the literature, often tailored to explore
different information-theoretic trade-offs, e.g., the commonly
considered rate-memory trade-off [35], [36]. As such, the
specific designs of their placement and delivery phases may
differ from the one described in this paper. Nonetheless,
as long as the PHY transmission involves serving G users
simultaneously via a common XOR bitstream, their average
rate adheres to the expression given in (8).

Following the ACC delivery, the overall transmission rate
is dictated by the slowest-performing group in G, since the
delivery cannot be completed until every user in that group

SWe emphasize that the average rate considered here should not be
confused with the ergodic rate commonly used in the communications theory.
Specifically, the average rate in this work refers to the statistical expectation
of the instantaneous rate (cf. [20], [22]), rather than the rate achievable across
multiple channel realizations as implied by ergodic capacity [34, Chap. 4].

6We focus on the case where the number of simultaneously served users is
fixed at G, corresponding to the typical centralized XCC setting. In contrast,
schemes with a varying number of simultaneously served users, often arising
in decentralized XCC frameworks (e.g., [17], [30]), are not considered here.

decodes its designated subfile. Consequently, the instantaneous
achievable rate for the group set G is given by [22, Eq. (7)]

14
1
RS =G min ;m (1+SNRy,,) nats/s’/Hz  (9)

where the averaging over the V users in each shared-cache
group reflects the sequential nature of the delivery process:
as soon as a user completes decoding its intended subfile
at its single-link capacity, it is immediately replaced by the
next unserved user from the same group. Notably, this user
replacement does not affect the transmission rates of the other
G—1 groups being served concurrently. The average rate under
ACC Racc =E{R{ .} is expressed as

_ 1 Y
Racc =G E {r;lelg - ;m (1+ SNRW)} . (10)
where the expectation is taken with respect to the channel
realizations. Owing to the symmetric statistical structure of
users, the average rate Racc remains invariant across different
selections of the group set G C [A]. Moreover, by comparing
the expressions in (8) and (10), it becomes evident that
RACC = RXCC when V = 1.

To evaluate the spectral efficiency improvement brought by
FAMA-based transmission, we define the concept of effective
gain, which characterizes the rate enhancement over a baseline
uncoded TDM strategy. In the uncoded TDM framework, each
user caches a fraction «y of every file in the content library F,
and the server transmits the uncached portions of the requested
files sequentially over orthogonal time slots. The average rate
under the uncoded TDM scheme is given by

Rrpm = E {In (1 4+ SNRy)}, (11

which remains identical across all users k € [K] due to
channel statistical symmetry.

Definition 1 (Effective Gain): The effective gain D is
defined as the ratio between the average rate achieved by a
FAMA-based scheme (e.g., CC-enabled FAMA, s-FAMA, or
f-FAMA) and that of the baseline uncoded TDM scheme.

According to Definition 1, the effective gains associated
with the XCC-enabled FAMA and ACC-enabled FAMA are
expressed respectively as

Dycc = Bixceo

Racc
, _ALC
Rrpwm

Dacc =

= ; (12)
Rrpwm

where Rxcc, Racc, and Rrpy are defined in (8), (10), and
(11), respectively.

III. AVERAGE RATE OF XCC-ENABLED FAMA

In this section, we present closed-form expressions for
the average rates of the uncoded TDM and XCC-enabled
FAMA schemes, as respectively defined in (11) and (8). As
a preliminary step, we first derive a tractable approximation
for the cumulative distribution function (CDF) of SNRy. The
result is summarized in Proposition 2, where M denotes the
rank of the spatial correlation matrix J across the FA ports,
and \,, represents the m-th largest non-zero eigenvalue of J.



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS

Proposition 2: The CDF of SNRy, can be approximated by

Mo
_1\liell . _ Zm
> (-1 eXp( )\mp>, (13)

be{0,1}M m=1

Fsng,, () ~

where b = [b1,...,bur], b € {0,1}, and |[b]y = SN by
also denotes the Hamming weight of the vector b.

Proof: The CDF of the SNR at an arbitrary user Uy, for k£ =
1,2,---, K with FA is approximated as (cf. [6, Lem. 1])

Fom (@ ~ [ (1 ~ exp <‘A:p>> 7

m=1

(14)

which easily leads to the series expansion in (13), and which
completes the proof. |

Remark 2: We note that a large body of prior work has
investigated the distribution of the SNR after FA port selection,

g., [3]-[5]. In particular, [3] first derived the exact distribu-
tion in the form of a complex integral expression, which was
later followed by several efforts aiming to develop various
approximation techniques, such as [4]. The approximation
used in (14), initially proposed in our preliminary work [6],
represents, to the best of our knowledge, the simplest yet
highly accurate method currently available.

The CDF approximation of SNRy, in (13) inherently involve
the eigenvalues of the correlation matrix .J, thereby reflecting
its impact on the system performance. A detailed investigation
of the eigenvalue properties of J, however, lies beyond the
scope of this study. Some investigations on the eigenvalues of
J can be found in [5], [37] and other references therein.

With the aid of Proposition 2, we now provide an analytical
approximation for the average rate under uncoded TDM.

Lemma 1: The average rate achieved by uncoded TDM can

be approximated in a Closed fOI‘l’n as
) ( m= y >
n=1 )\

Repu~ (= 1)t exp <Z =
(15)

b#0 m=1

where the summation is over all non-zero binary vectors
b e {0,1}M\ {0y}, and where Ei(-) denotes the exponential
integral function [38].

Proof: Starting from the expression in (11), the average rate
under uncoded TDM can be written as

_ 7 1 — F T
Rrpwm Z/lﬂ(l-i-m)fSNRk( ) dz (i)/liimg’“()dx,
0 0

where step (a) follows from [39, Eq. (48)].
Substituting the approximate CDF from (13), we obtain

M b
S (—1)leli = exp (X0 fas)
Rrpm ~

oz 1+
Finally, applying the identity from [38, Eq. (3.353.5)] yields
the closed-form result in (15), which completes the proof. H

Before deriving the closed-form expression for the average
rate of XCC-enabled FAMA, we first define SNRxcc =

dz. (16)

mingeg SNR in (8). Then, by considering (14), the CDF of
SNRxcc can be easily derived as

FSNRXCC (x) =1-Pr {mln SNR > .%'}

geg
G
x
) o

(e

m=1
In the following, we derive a series expansion of (17), which
serves as a crucial step toward evaluating the integrals required
for obtaining a closed-form expression of Rxcc.
Proposition 3: The approximate CDF of SNRxcc =
mingeg SNRy can be rewritten as

M .
mZ
FSNRxcc(x) ~1-— E Cj - exp (— E i\ﬂ) 5 (18)
7 m=1"""

where the summation is taken over all integer-valued multi-
indices 7 = [j1,...,jm] satisfying 0 < j,,, < G for all m €
{1,..., M}. The coefficient Cj; is given by

G
6; = (=117 -1 () - ),

k=0

19)

where |71 = Zm 1 Jm, and N (j) denotes the number of
ordered tuples of binary vectors (b(1), ... b)), with b(*) €
{0,1}M, such that their component-wise sum equals j, i.e.,
Zf:l b =
Proof: The expansion of (17) is obtained by applying the
inclusion—exclusion principle to the inner product and the
binomial theorem to the outer power, followed by reorganizing
terms into exponential functions indexed by integer vectors
with combinatorially derived coefficients. ]
Now, we can give the closed-form expression for the average
rate of the XCC-enabled FAMA scheme in Lemma 2.
Lemma 2: Based on the assumption of statistical symmetry
of users’ channels and quasi-static Rayleigh fading, we can
approximate the average rate of XCC-enabled FAMA as

. M.
RXCCN—GZC exp <Z )\m ) - Ei (—Z“)
Jj#0 m=1 mpP
(20)

Proof: In view of the CDF approximation in Proposition 3, the
approximate probability density function (PDF) of SNRxcc
takes the form

OFsxiy
fSNRxcc ('r) = %CC(‘T)
M j z
~ C'j( ) exp ( m). 2n
SolXa) o -2

By using the approximate PDF, we can approximate Rxcc as

Rxoc =G Y Cj (ZA )

Jj#0 m=1

x/oooln(1+x)~exp (—

.

mL

Amp

M
m=1

> dz. (22)
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The final expression in (20) is obtained by evaluating the inte-
gral in (22) using the identity provided in [38, Eq. (4.337.1)],
which concludes the proof. |
Utilizing Lemmas 1 and 2, the effective gain achieved by the
XCC-enabled FAMA scheme can be approximated as follows.
Corollary 1: An analytical approximation for the effective
gain under XCC-enabled FAMA is given by

M Mo
-G > Cjexp ( > Jmp) Ei (— > )\jmp)
— dm m

Jj#0 m=1

Mo, ] Mo, :
iea(E E)0C E %)
Proof: The result follows directly from Lemmas 1 and 2,
together with Definition 1. ]

Dxcc ~

> (=

b0

IV. AVERAGE RATE OF ACC-ENABLED FAMA

We note that even under the simplified setting of conven-
tional single-antenna users with i.i.d. Rayleigh fading chan-
nels, the average rate of ACC is already expressed as a double
integral without a closed-form solution [22]. Considering the
additional complexity introduced by spatial correlation across
FA ports, the integral expression for the average rate in
ACC-enabled FAMA is expected to be far more intricate,
making direct numerical evaluation intractable. Therefore, it is
both necessary and reasonable to pursue simple yet accurate
approximation methods for analysis. In this section, we derive
closed-form approximations for the average rate and effective
gain of the ACC-enabled FAMA scheme, under the assumption
that the number of users sharing identical cache content,
denoted by V/, is sufficiently large. We also establish a rigorous
result in Theorem 1 characterizing the behavior of the effective
gain as the number of FA ports approaches infinity.

To proceed, we first define Hg as the expected minimum of
G i.i.d. standard Gaussian random variables X1, Xo, ..., Xg,
ie., Hg 2 E{min{X;, Xs,...,X¢g}}. The following propo-
sition first presents an integral representation for H¢, and then
derives a closed-form approximation using the Gauss-Hermite
quadrature (GHQ) method [40, Ch. 9], which will serve as a
key step in the analysis of Racc.

Proposition 4: The expectation Hg admits the following
integral representation

N G-1 z
Hg = \/%/OO z - [Q(z)] exp <— 5 ) dz, (23)

where Q(-) is the standard Q-function associated with the CDF
of the Gaussian distribution. A simple and accurate closed-
form approximation of Hg can be obtained using GHQ

j{:cuuxu [ \/7xu)] :

where U, z,, and w,, respectively are the number of quadrature
points, the sample nodes, and their associated weights.
Proof: The proof follows directly from the standard Gaussian
distribution and basic algebraic manipulation (cf. [41]). W
For small values of G < 5, exact closed-form expressions
for —Hg are available, as reported in [41, Table 2.1]. For

(24)

larger GG, however, no simple exact expressions exist. Nonethe-
less, GHQ provides a highly accurate approximation using
only a limited number of terms (for instance, we set U = 7
in the numerical evaluations presented in Figs. 1-3.).

In the following, we present a closed-form approximation
for Racc, the average rate of ACC-enabled FAMA, under
the assumption of a large number of users sharing identical
cache content. We recall that Rrpy, the average rate for the
baseline uncoded TDM scheme, can be approximated by (15).
The Meijer G-function is denoted by G:.(-), following the
convention in [38, Eq. (9.301)].

Lemma 3: When V is sufficiently large, the average rate of
ACC-enabled FAMA can be approximated as
(25)

_ _ 1
Racc=G- (RTDM + @HG> )

vV
where © denotes the standard deviation of In(1 + SNR, ),

approximated as © ~ /= — R%DM with = given by

M
b
=4 —_1lielli+1
= 25(1) exp(E)\ >

b#0 m=1

« Q30 i bm
2,3 )\mp

1,1
. (26)
0,0,0

Proof: The proof is relegated to Appendix L. |
Building on the result in Lemma 3, we derive an approxi-
mation for Dacc, as given below.
Corollary 2: The effective gain of ACC-enabled FAMA can
be approximated as

m=1

1 ©Hq > 27

Dpacc =G - (1 + \/7 RTDM
Proof: The result follows directly from Lemmas | and 3, in
conjunction with Definition 1. |

Remark 3: Observe from Corollary 2 that as the number of
users sharing the same cached content grows large, i.e., V —
00, the term 1V 1(?9 THG vanishes. As a result, the effective gain
approaches [\)F ~ . This indicates that ACC is capable
of asymptotically recovering the full nominal gain G ar any
SNR, provided that V is sufficiently large.

Although Lemma 3 and Corollary 2 are derived under
the assumption of a large value of V, the numerical results
presented in Figs. 1-3 demonstrate that these expressions
remain highly accurate even for small values such as V' = 4.

Driven by the future potential of integrating massive ports
into FAs [9], we conclude with an asymptotic result for CC-
enabled FAMA that rigorously demonstrates the ability of
FAs to achieve the nominal gain G under extremely low-SNR
conditions, as the number of ports approaches infinite.

Theorem 1: Consider either XCC-enabled or ACC-enabled
FAMA. In the asymptotic regime where the number of FA
ports L — oo and the maximum number of statistically
independent ports M’ increases linearly with L, the effective
gain in the low-SNR limit converges to G, i.e.,

lim lim Dxce = G,

hm lim D =G.
L5500 p—0 Lo Ace =

L—o0 p—~
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where limy_,., is a simplified notation for the considered
asymptotic regime.
Proof: The proof is relegated to Appendix IIL. |
Remark 4: The asymptotic regime in Theorem 1 implies
that the FA size must also scale accordingly (cf. Fig. 8). If
the FA size is fixed, then increasing L will cause the spatial
diversity gain to saturate [4], as the additional ports become
increasingly correlated. In this case, the correlation matrix J
will numerically lose its full-rank property, and the number
of independent ports will stop growing beyond a certain
threshold. This saturation phenomenon is also supported by
the numerical results in Fig. 6.

V. NUMERICAL RESULTS

In this section, we present numerical results to both validate
the high accuracy of the derived analytical expressions and
offer insightful performance comparisons among the consid-
ered schemes. We consider a one-dimensional FA structure
deployed at each user, where the antenna ports are evenly
spaced along a linear segment of physical length W A. Here,
A denotes the carrier wavelength, and W corresponds to the
FA length normalized by . To model the spatial correlation
across FA ports, we adopt the widely used Jakes’ model [4],
[8]. Following the correlation model described in [42], the
(m,n)-th entry of the spatial correlation matrix J in (2) is
given by [J]pm.n = Jo (W) , where Jy(+) denotes the
zeroth-order Bessel function of the first kind [38].

A. Two Performance Benchmarks: f-FAMA and s-FAMA

We consider two baseline schemes, namely f-FAMA and s-
FAMA, originally proposed in [8] and [9], respectively. Both
are designed for serving G users simultaneously using a G-
antenna transmitter, where each user requests a distinct file. In
both f-FAMA and s-FAMA, each transmit antenna exclusively
serves a distinct user. Without loss of generality, we assume
that the ¢-th transmit antenna serves the ¢-th user (¢ € [G]).
It is worth emphasizing that in conventional FAMA schemes,
each user is also equipped with a cache that stores a portion of
the library F using an unCC strategy, as outlined in Footnote 1.

In f-FAMA, each user selects the FA port with the highest
instantaneous SINR at every symbol interval, whereas in s-
FAMA, the port selection is performed only when the channel
condition changes. Specifically, for user £ € [G], the SINR in
f-FAMA is given by [8, Eq. (12)]

ply™ 2
SINREFAMA — max 47() (28)
mﬂHjL+M$|2

where h%) denotes the aggregated interference at the m-th

port of user ¢, resulting from the remaining G — 1 users.
This term is assumed to be statistically independent of the
direct channel gain vector hy. The interference vector hy =
(A5, 8, ... )T € CE¥1 is modeled as [8, Eq. (10)]

hie=+p(G—1) J%ZI,Ea

(29)

where Z; , € CE*! is a complex random vector and Zj 4 ~
CN(0yp, IL). The average rate aggregated over simultaneously
served GG users is then expressed as

Rerama = E {ZZE[G] In (1 + SINR;FAMA)} . (30)

For s-FAMA, the SINR at user ¢ € [G] is of the form [9]
hgm)|2

SINR;FAMA = max pcl (m) |3’
me[L] 1+ng’:1}£'7&£|hf,f’ |2
(m)

where h,,/ represents the channel coefficient from the 0-
th transmit antenna to the m-th port of user ¢. The full
vector channel is given by hy ¢ = [h&,),, hfg,, o thZ]T c
CLE*1 and modeled as heoy = J%ZM/, where Z; y ~

CN(0p,Iy). The average rate achieved by s-FAMA is

Ropana = E {ZZE[G] In (1 + SINR;TAMA) } .32

According to Definition 1, the corresponding effective gains
for f-FAMA and s-FAMA are defined as
Repama

Dipava = —=——
Rrpwm

3D

Rsrama

Dy panva = , (33)

Rrpwm

where Rrpy is given in (11).

B. Numerical Comparisons to Conventional FAMA Schemes

Fig. 1 illustrates the average rates and effective gains of
various FAMA-based schemes as a function of SNR p. The
simulated results for ACC-enabled FAMA and XCC-enabled
FAMA are marked with green diamond markers and red
star markers, respectively. For comparison, the performance
of conventional f-FAMA and s-FAMA is depicted by blue
dashed-circle lines and dot-dashed-circle lines, respectively,
while the uncoded TDM baseline is represented by orange
plus markers. In the average rate plot, the solid black lines
correspond to the analytical expressions derived in Lemmas 1—
3 for uncoded TDM, XCC-enabled FAMA, and ACC-enabled
FAMA. Likewise, the solid black curves in the effective gain
plot represent the analytical results based on Corollaries 1
and 2. The excellent agreement between simulation and anal-
ysis validates the accuracy of the proposed theoretical models.

As SNR increases, both the average rate and effective gain
of CC-enabled FAMA improve in Fig. 1. However, in the low
SNR regime, CC-enabled FAMA schemes suffer performance
degradation compared to conventional f-FAMA and s-FAMA
due to the worst-user bottleneck, particularly in the case of
XCC where the multicast rate is constrained by the user with
the weakest channel.

Fig. 2 investigates the impact of the nominal gain G on
the delivery performance of CC-enabled FAMA schemes. The
simulated results for ACC-enabled and XCC-enabled FAMA
are shown using green and red markers, respectively, while the
corresponding analytical results are plotted as solid black lines,
consistent with the notation in Fig. 1. The close alignment
between simulation and analysis again verifies the accuracy of
the derived closed-form expressions. For reference, the perfor-
mance of conventional f-FAMA and s-FAMA is also included
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Fig. 1. Average rate and effective gain versus p for G = 4, W = 0.5 and
L =2 for FA, and U = 7 in GHQ

using blue lines. As G increases from 5 to 6, both the average
rates and effective gains of CC-enabled FAMA improve.
Notably, ACC-enabled FAMA benefits more significantly from
this increase than its XCC counterpart. The performance trends
of conventional FAMA schemes resemble those observed in
Fig. 1—for example, their effective gain in spectral efficiency
over the uncoded TDM scheme diminishes as SNR increases.
It is worth noting that the improvement brought by increasing
G is much less pronounced for conventional FAMA schemes
in the medium-to-high SNR regime, particularly for s-FAMA,
compared to CC-enabled FAMA.’

Fig. 3 investigates the impact of the number of ports L
in FAs on the delivery performance of CC-enabled FAMA
schemes. Similar to Figs. | and 2, green and red markers
represent the simulated results for ACC-enabled and XCC-
enabled FAMA, respectively, while solid black lines denote
the corresponding analytical results in Fig. 3. The close
agreement between simulation and analysis once again con-
firms the accuracy of the derived closed-form expressions for
both average rate and effective gain. Increasing L leads to
noticeable improvements in the delivery performance of CC-
enabled FAMA schemes throughout the entire considered SNR
range. In contrast, although conventional FAMA schemes also

7For CC, we should note that the nominal gain G = A~ + 1 captures the
combined impact of the file subpacketization level and the normalized cache
size. For instance, a gain of G = 5 may correspond to a configuration with
A =80 and v = 5%, or alternatively A = 40 and v = 10%.
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Fig. 2. Average rate and effective gain versus p for V =8, W = 0.5 and
L =2 for FA, and U = 7 in GHQ

benefit from larger L, the improvement at low SNR remains
marginal.

In ACC-enabled FAMA, the users sharing the same cached
content provide a spatial averaging effect, which enables ACC
to asymptotically remove the worst-user bottleneck. Notably,
even a small group size (e.g., V = 4 in Fig. 1) yields
a substantial improvement, and for a modest group size of
V < 12—as discussed in [27]—the effective gain becomes
comparable to that of conventional FAMA at low SNR. In
the high SNR regime, the average rates of f-FAMA and s-
FAMA remain nearly constant due to the interference-limited
nature of these systems, allowing the uncoded TDM scheme to
eventually outperform both, as shown in Figs. 1-3. Moreover,
this performance gap increases unboundedly with SNR, lead-
ing to vanishing effective gains for f-FAMA and s-FAMA. By
contrast, CC-enabled FAMA schemes are entirely free from
inter-user interference, allowing their rates to scale linearly
with SNR and enabling their effective gains to converge to the
nominal multiplexing gain G, which is equal to the number
of users served simultaneously.

C. More Numerical Results on Effective Gain

Since the effective gain offers a more intuitive and quantita-
tive comparison across different FAMA schemes, we present
only the effective gain results in Figs. 4-8.

Fig. 4 further examines the impact of the number of FA
ports L on the effective gains of different FAMA schemes by
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considering a wider range of L values. As L increases, all
schemes experience improved effective gains. However, the
benefit of adding more ports diminishes as L becomes large
and eventually saturates. Among all schemes, f-FAMA exhibits
the most noticeable performance improvement as L increases,
particularly in the medium-to-high SNR regime. Nevertheless,
this improvement remains far from sufficient—its performance
still lags significantly behind CC-enabled FAMA in the high
SNR regime due to the inherent interference-limited nature of
conventional FAMA.

Fig. 5 investigates the effect of serving different numbers
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Fig. 6. Effective gain versus p for G =6,V =4, and W = 2.

of users in conventional and CC-enabled FAMA schemes.
Motivated by the observation in [8, Fig. 7] that f-FAMA
can achieve higher effective (multiplexing) gain by increasing
the number of simultaneously served users along with the
corresponding transmit antennas, we consider a setting where
conventional FAMA and CC-enabled FAMA simultaneously
serve different numbers of users, denoted by G’ and G,
respectively. As expected, increasing G’ in f-FAMA leads
to a significant boost in effective gain, resulting in a clear
advantage over CC-enabled FAMA in the low SNR regime.
However, this gain rapidly diminishes as SNR increases, and
f-FAMA becomes inferior to CC-enabled FAMA beyond a
moderate SNR threshold of around 12 dB, again due to its
interference-limited nature. In contrast, the benefit of increas-
ing the number of served users in s-FAMA remains marginal,
even when accompanied by additional transmit antennas.
Fig. 6 compares the delivery performance of ACC and XCC
schemes separately with TAs and FAs at the receivers. As
shown, employing FAs significantly enhances the effective
gain of CC schemes. For instance, using 6-port FAs raises
the effective gain of XCC from around 1 to above 3 in the
low SNR regime. In contrast, in the case of ACC, the effective
gain increases from approximately 3.6 to 4.5 at p = —10 dB.
The figure further demonstrates that increasing the number
of FA ports continues to enhance performance. However, the
improvement becomes marginal once the number of ports
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Fig. 7. Effective gain versus L for G = 6, V = 4, p = —10 dB, and
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exceeds 6. This saturation phenomenon occurs because, given
a fixed physical aperture, adding more ports leads to higher
spatial correlation among them, thereby constraining the at-
tainable spatial diversity. This observation is consistent with
the findings reported in [4, Table II].

The matrix J characterizes the channel correlation between
any two FA ports. Specifically, for ports m and n € [L],
the magnitude of [J],, ,, decreases as their spatial separation
increases, and increases when they are closer. To evaluate the
impact of J on the convergence behavior of the effective gain,
we fix the number of FA ports and vary the FA (normalized)
length W. As shown in Fig. 7, with L = 32 uniformly
distributed FA ports, increasing W significantly improves
the effective gain when W is small due to reduced spatial
correlation. For example, as W increases from 0.5 to 3, the
effective gain of XCC rises from about 2.1 to 3.5, and that
of ACC increases from about 3.9 to 4.6. However, when
W > 30, the effective gain almost remains constant, indicating
saturation due to the maximum diversity gain achievable with
a fixed number of FA ports.

Fig. 8 shows the effective gain as a function of the number
of FA ports L in the low-SNR regime, where adjacent ports are
spaced by 0.25 wavelengths. This implies that the (normalized)
length of the FA at each user is W = 0.25 x (L — 1). If
we approximate that any two ports spaced by at least 0.5
wavelengths experience independent fading, then the number
of approximately independent ports M’ is L/2. As observed,
the effective gain increases with L due to enhanced spatial di-
versity for combating channel fading, and eventually converges
to the nominal gain GG, confirming the accuracy of Theorem 1.
Although the gain improvement becomes less pronounced as
L grows large, ACC-enabled FAMA still achieves an effective
gain of 5 at L = 30, corresponding to 83% of the nominal
gain G = 6, where the corresponding FA length W is 7.25. In
contrast, XCC-enabled FAMA reaches only 67% of G at the
same L, though this still marks a notable improvement over
the 42% observed at L = 5.

D. Numerical Comparisons to Multi-Antenna XCC

In this subsection, we revisit the single-stream XCC (cf.
Section II-A) for a transmitter equipped with N, TAs serving
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Fig. 8. Effective gain versus L for G = 6, V = 4, p = —10 dB, and

W =0.25 x (L — 1).

K single-antenna users, as studied in [20, Section IV].®? This
scheme is considered as a baseline to highlight that the
proposed CC-enabled FAMA framework outperforms multi-
antenna XCC with TA-based users. Unlike [20]—which as-
sumes a very large K and an infinite file size—the finite file
size constraint here precludes splitting each file into many
non-overlapping subfiles that exponentially grow with K.
Consequently, during each transmission to the user group set
G, delivery involves G users, each drawn from a group with
a distinct cache state, and the multicast rate is determined by
these GG concurrently served users.

With N; TAs, equal power across TAs, and isotropic Gaus-
sian signaling, the instantaneous delivery rate of this multi-
antenna XCC scheme is of the form [20, Eq. (15)]

Ryce :GE{ln (1"‘]@131618””5;”3)}’ (34)

where hy ~ CN(Op,, In,) denotes the channel vector from
the N;-antenna transmitter to the user being served in group g,
and the minimum guarantees successful decoding among the
G concurrently served users. The factor G in (34) accounts
for simultaneous delivery to G distinct requests in XCC.

To compare with the proposed single-antenna transmitter
serving FA-enabled users, similar to Definition 1, we define
the effective gain of the multi-antenna XCC as

D/
/ A XCC
DXCC - b

) 35)
Rrpwm (

where Rrpy is the average rate of an FA-enabled user served
by a single-antenna transmitter.

Fig. 9 shows that D% increases with IN;, but the gain
saturates as N; grows large. Although the use of multiple
TAs in XCC offers performance improvements, a noticeable
performance gap persists compared to CC-enabled FAMA,
particularly in the low-SNR regime. For instance, when p =
—10dB, the effective gain of XCC-enabled FAMA reaches

8We note that [20, Section VI] applied rate-splitting multiple access to
further enhance the delivery performance of XCC. Indeed, ACC can also
cooperate with multiple access schemes (e.g., our preliminary work [29] on
NOMA-aided ACC). A comprehensive study of ACC-enabled FAMA jointly
designed with advanced multiple access techniques is left as future work.
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approximately 3.5, while that of ACC-enabled FAMA ap-
proaches 5. In contrast, the effective gain of the multi-antenna
XCC remains around 2, even for [V, as large as 64.

Under a fixed value of p, the power allocated to each
antenna decreases proportionally with 1/N;, and by the Strong
Law of Large Numbers [43, Thm. 11.21], we have

92 as.

1
, 1Pollz = 1, (36)

a.s. .
where — denotes almost sure convergence, which leads to

Rioc 225 G In(1 + p). (37)

This asymptotic behavior explains why the growth of the
effective gain gradually saturates as N, increases in Fig. 9.

E. Further Discussions

1) Nominal CC Gain Bottleneck: To enhance the effec-
tive gain of CC-enabled FAMA, one potential approach—
motivated by the observations in Fig. 2—is to increase the
nominal gain of the CC scheme. This enables the system to
serve more users simultaneously, thereby naturally improving
the effective gain of CC-enabled FAMA. However, current CC
frameworks inherently limit the nominal gain to a single-digit
range [23]. This implies that CC can simultaneously support at
most 9 users — and more precisely, no more than 7 users — un-
der the practical file size constraint. Overcoming this limitation
would require a fundamental breakthrough in the development
of CC frameworks. At the same time, as explicitly stated
in [9], under current 5G standards, a base station equipped with
massive transmit antennas (e.g., 64 antennas) can serve only
a limited number of users (e.g., 6 users) simultaneously over
the same time-frequency resources, with each user requesting
different content. In other words, scaling up the number of si-
multaneously served users in f-FAMA to substantially improve
its effective gain, as considered in Fig. 5, may be impractical in
real-world deployments. Moreover, f-FAMA demands symbol-
by-symbol port selection, which poses substantial hardware
and software implementation challenges. These challenges
have motivated the development of s-FAMA, which alleviates
the complexity by performing port selection only when the
channel state changes. However, this simplified interference
handling limits the effective gain to a single-digit range—
typically not exceeding 5—as extensively demonstrated in the

numerical evaluations in [9]. In summary, the limitation on the
nominal gain of CC does not pose a critical bottleneck at the
current stage of practical system deployment.

2) FA Unlocking the Potential of XCC at Low SNR:
The effective gains shown in Fig. 6 reveal a promising
advancement for XCC in wireless networks. In particular,
in quasi-static Rayleigh fading environments, XCC loses all
of its theoretical advantages over uncoded TDM in the low-
SNR limit, as rigorously proved in [22]. This implies that the
effective gain of XCC converges to 1 as the SNR decreases,
a phenomenon also clearly illustrated in Fig. 6. Notably, this
collapse in effective gain persists even when the finite file
size bottleneck is removed, i.e., when the nominal gain is
allowed to grow without constraint (cf. [22, Prop. 2]). By
incorporating FAs at the receiver side, the fundamental worst-
user bottleneck is substantially mitigated. In conventional XCC
delivery schemes, where the encoded XOR stream decoding
typically suffers from severely degraded performance at low
SNR, the use of FAs enables a spatial selection gain that
significantly boosts reliability. As observed in Fig. 6, the
integration of FAs allows XCC to achieve effective gains
exceeding 3 in the low-SNR regime, offering renewed practical
viability for deploying XCC in realistic wireless systems.

3) Quantitative Recommendations for FA Length: We can
extract meaningful quantitative recommendations from the
numerical results of the effective gain shown in Fig. 7. Since
the number of FA ports is fixed at 32, and according to
the reference values of saturated ports for a given W listed
in [4, Table II], when W = 4 and L > 10, the spatial
diversity provided by the FA approaches saturation, and the
effective gain will no longer increase significantly (see Fig. 6).
Therefore, when 32 FA ports are uniformly distributed along
an FA length W < 4, Fig. 7 accurately captures the numerical
values of effective gain under the condition of saturated port
deployment for each specific W. Under the nominal gain
setting G = 6 and over the entire SNR regime (including
low SNRs), achieving an effective gain greater than 3—which
triples the throughput of the uncoded TDM scheme—requires
an FA length of at least 1.5 wavelengths for the XCC scheme.
For the ACC scheme, achieving an effective gain greater
than 4—quadrupling the throughput of the uncoded TDM
scheme—is still possible with an FA length as short as 0.5
wavelengths at almost any SNR, at which point the saturated
port number is 3 (cf. [4, Table II]). It should be noted that
the effective gain increases with the SNR; thus, as p grows,
both the FA length and the number of ports can be reduced
accordingly.

VI. CONCLUSION

This paper presented a novel integration of CC into
the FAMA framework, leading to the proposed CC-enabled
FAMA architecture. By leveraging the interference-free prop-
erty of CC, the proposed system effectively eliminates the
multi-user interference that fundamentally limits the perfor-
mance of conventional FAMA schemes. This not only enables
linear growth of transmission rate with SNR in the high-SNR
regime but also allows the use of a single transmit antenna
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to serve multiple users, significantly reducing hardware com-
plexity and training overhead.

We derived closed-form expressions for the average rates
under both XCC and ACC enabled FAMA schemes, along
with their corresponding effective gains compared to uncoded
TDM. Moreover, we also rigorously prove that as the number
of independent FA ports grows large, the effective gain of CC-
enabled FAMA schemes in the low-SNR limit asymptotically
attains the nominal CC gain, highlighting the critical role of
FA in overcoming traditional performance bottlenecks.

Numerical results validated the accuracy of the derived ex-
pressions and demonstrated the substantial spectral efficiency
improvements offered by CC-enabled FAMA across a wide
range of system parameters and SNR regimes. Notably, while
XCC remains sensitive to the worst-user bottleneck in the
low-SNR regime, this limitation is significantly alleviated by
introducing FAs at the receivers. In particular, unlike TA
systems where the effective gain converges to 1 as the SNR
decreases, the spatial diversity offered by FAs enables XCC to
achieve an effective gain exceeding 3 in the low-SNR regime.
ACC further enhances system performance by replacing the
worst-user bottleneck with a much less detrimental worst-
group effect. For instance, even when only four users share
the same cache state and the FA is equipped with just 6 ports
over a length of 2IWW, ACC-enabled FAMA still achieves an
effective gain exceeding 4.5 in the low-SNR regime.

APPENDIX I: PROOF OF LEMMA 3
According to CLT [43, Thm. 11.22], as V' — oo, we have

|4
S In(1+SNRy,) -2 N (Rrpum, ©%)  (38)

1
\/V v=1

where i> means the convergence in distribution. Therefore,
when V' is sufﬁciently large, we can approximate R
in (9) as R{cc ~ G - mingeg{X}}, where {X/},cg are
L.id. Gaussian random variables with distribution X !~
N(Rrpym,©?/V). Then, the average rate of ACC- enabled
FAMA can be approximated by

_ _ 1

Racc~=G-E {RTDM + Wiz grg[lg]{Xg}} (39)
where Xq, X5, -+, X are i.i.d. standard Gaussian random
variables as used in Proposition 4. Using the definition of Hg
in (39), we can easily derive (25).

We now proceed to prove that E{[In(1 + SNR, ,)]*} ~ E,
as given in (26). Based on the approximate CDF of SNR, ,
given in (13), we can derive the corresponding PDF, which
then leads to the integral expression for =, as shown below

=~ 3 (- 1)lelhi+t i m
- Amp

b#0 m=1

o ) Mo
X / {ln(l + 33)] - exp T ) dz. (40)
o )\

By expressing the logarithmic and exponent1a1 functions in
(40) in terms of their equivalent Meijer G-function repre-
sentations, and then utilizing the identity provided in [44,

Eq. (07.34.21.0081.01)], along with straightforward algebraic
manipulations, = can be expressed in (26). Leveraging the
well-established relation for variance Var{X} = E{X?} —
E2{X} for a random variable X, we can easily arrive at the

standard deviation approximation for © in Lemma 3.

APPENDIX II: PROOF OF THEOREM 1

The proof is organized into three parts. Appendix II-A
establishes several key convergence results. In Appendix II-
B, we derive an upper bound on |h|?. Finally, Appendix II-C
combines these results to prove the asymptotic behavior of the
effective gains Dxcc and Dacc.

We begin by analyzing the effective gain of XCC in the
low-SNR limit, and then extend the discussion to the case of
Dacc. Recall that In(1 + 2) ~ x as @ — 0. Based on this
asymptotic approximation,” we have

RXCC (a) ]E{hmpﬁo ln( + SNRXCC)}
hm DXCC = lim =
p—0 Rrpm E{lim, 0 In(1 + SNR,)}
e E{mingeg P2|hg‘2} -G E{mingeglhg‘z}’ (41)
E{plhg|?} E{lhg|?}

where (a) holds by interchanging the order of the limit and in-
tegration. This step is justified via the Dominated Convergence
Theorem, as for p < 1, it holds that In(1 + pmingeg |hy|?) <
mingeg |hg|> < |hyl? and the integrability condition is
satisfied since E{mlngeg |hg|?} < E{|hy]?} < o0.

We begin by observing that

E{mi h.|2
lim lim Dxcc =G 11 E{mingeg |hy|"}

L—o0 p—0 L—oo E{|hg|2}
E{|hg|?}
< 1 . 42
S T

Hence, Dxcc is upper-bounded by the nominal gain G. To
establish the limit result for Dxcc in Theorem 1, we proceed
to construct a lower bound for Dxcc that asymptotically
approaches G. To this end, we first present two preparatory
subsections to derive the necessary intermediate results.

A. Some Useful Convergence Results

We consider the asymptotic regime where both the total
number of FA ports L and the number of independently fading
ports M’ grow without bound, while maintaining a finite
ratio o = ﬁ To ensure independence among selected ports,
we assume that M’ ports are chosen with sufficient physical
separation such that their corresponding channel gains are
statistically independent.

Define the maximum channel gain among the selected ports
at user g as

Y, = max{[h()|%, A3, .. nMO12Y, @3)

from the “~” symbol adopted earlier in the paper Spemﬁcal]y “““ gener-
ally denotes a loose approximation without ensuring rigorous convergence
In contrast, “~” here signifies that, under the considered limit, the two
sides converge strlctly for example, if f(z) ~ g(x) as @ — oo, then
limgz— oo f(2) = limg— 00 g(x)
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where h£”;) denotes the channel coefficient at the m-th se-

lected port from the total pool of L ports. Note that Y} is the
maximum of M’ i.i.d. exponential random variables w1th unit
mean. The expected value of Y, is given by the harmonic sum

M’
IE{Y}—Z19 (44)
:ln( N+& as M — o0 (45)

which is a well-known result (cf. [34, Eq. (7.10)]). In (45),

& = 0.577... denotes Euler’s constant [38, Eq. (8.367.1)].
Next, we derive the variance of Y, in Proposition 5.
Proposition 5: Let Yy denote the maximum of M’ ii.d. ex-

ponential random variables with uni/t mean. Then, the variance

of Y, is given by Var{Y,} = Zﬁle g7 < 7% .

Proof: The variance of Y can be readily derived by using its

distribution function and some mathematical manipulations. ll
We now establish a convergence result for Y.
Lemma 4: As M’ — oo, we have the convergence

Ly, £,

m(r) o

where £! denotes convergence in the mean.
Proof: To demonstrate the convergence result, we have that

. Yg . - . ]E{|Yg _ ln(M/)|}

MIIILHOOE{ ln(M/) 1‘} = Ml’linoo 1H(M/)

@ . (E{%-nonr)”

o ]\/I}Lnoo In(M’)

® | [Var {Yy — In(M")} + (E{Y, — In( M,)})2] 3

o M’lgloo IH(M/)

(o) I [Var {Yg} + (]E{Yg} _ ln(M/))Q} 2

N M’lgloo IH(M/)

@ . [Var {Y,} + €2]2 @

S dm S lEE O “

where (a) follows from the Lyapunov inequality, (b) uses the
standard variance identity Var{X} = E{X?} — (E{X})? for
a random variable X, and (c¢) holds since adding a constant
does not alter the variance. Step (d) applies the asymptotic
relation in (45), and (e) follows from the bounded variance
result Var{Y;} < % < oo shown in Proposition 5. Finally,
in view of [43, Eq. (11.30)], the bound in (47) and the finite
expectation WE{YQ} ~ 1 directly yield the convergence
in the mean stated in Lemma 4. ]

When serving a set G of user groups in XCC-enabled
FAMA, we have G random variables, each having a similar
form as Y; in (43). For the set of {Y},cg, we can establish
the following convergence results.

Corollary 3: As M’ — oo, for mingeg{Y,} and
maxgeg{Y,}, we have the convergence results

mln{Y } £, 1, (48)

1
In(M') g
o (34’) maX{Y } £ (49)

14
Proof: To demonstrate (48), we have that
. mingeg{Yy} .
A}/IEEOE{ W)
o E{mingeg{Yy} — (M)}
M’ =00 In(M")
@ o E{maxyeg [V, — In(M')[}
< g g
S (M) (50)
(b)
(51)

im 3" E{[Yy —In(M")[} 0
< =
- ]\41’1900 veo ln(M’) 0

where (a) follows from the fact that for any real-valued
sequence, the deviation of an element from a fixed value
In(M’) is always upper bounded by the maximum devia-
tion within the sequence; (b) is due to the inequality that
the maximum of a set of non-negative values is upper
bounded by their sum and (c) results from the conver-
gence limps/ o0 ln(J\/I’ E{|Y In(M")|} = 0, as established
in (47). According to the definition of convergence in the
mean [43, Eq. (11.30)], the result in (51) directly implies (48).
max{Y,} —In

Furthermore, for the limit expectation term
li L E (52)
Mo In(M") 9€G 7

by applying similar reasoning as in the steps from (50) to (51),
the convergence in (49) can also be established, thereby
completing the proof. ]

Remark 5: It is worth noting that for a sequence of random
variables {X,,}, convergence in the mean, i.e., X, £—1> X,
implies lim,;, o E{X,,} = E{X}, since |E{X,, — X}| <
E{|X,, —X|} — 0. Applying this property to (48), we obtain

. 1
i E { m(ar) Yo} }
B. An Upper Bound for E{|hy|*}

Among the total of L FA ports available at each user, at
most M’ ports can be selected such that their fading channels
are mutually independent. When the ratio v = ﬁ is a positive
integer, it is straightforward to identify « distinct sets of
such independent ports. For example, in the linear deployment
of FA ports, selecting every « ports yields a groups, each
containing M’ ports with uncorrelated fading. Accordingly, we
define @ random variables, denoted by Y(1 Y(z) : Y(a)
each following the same form as Y, in (43) The overall
selected channel power gain |h,|* can then be rewritten as'

|hg|2 = max{|h£(71)| 7|h§2)| ’ ’|h§L)‘ }
= max{Yg(l), yg(2)’ e 7yg(oc)}

(M)

(53)

(54)

When « is not a positive integer, we introduce [a|M' — L
virtual ports appended to the end of the FA, where each
virtual port is assumed to experience i.i.d. fading. Here, [«/]

10We emphasize that the essential idea behind constructing the sequence
{Yg(p )}pe[a] lies in ensuring all FA ports are covered, with each Yg(p )
comprising M’ i.i.d. FA ports. Even when {Yg(p ) }pe[a) forms a correlated
sequence of random variables, the convergence result in (56) still holds.
This is because the steps leading from (50) to (51) do not require statistical
independence across different Yy’s.



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS

denotes the smallest integer no less than «. By selecting the
port that maximizes the SNR among the total [a] M’ ports,
we obtain a channel power gain, denoted by |h}|?, which
serves as an upper bound for the original selected channel gain
|hg|?. Under this construction, we are able to form [a] sets
of M’ i.i.d. ports, which correspond to [«] random variables

defined analogously to Y, in (43). Let Y, v;{® ... y oD
represent these random variables. It then follows that
hg|? < [R,)? = max{Y, D, Y2, ... . y{(eD} (55)

Following a similar argument as in the derivation of (49),
we can readily establish that

1 o
wor A U S oo
which directly yields
lim E{l max {Y@)}} —1. (57)
M'=oo | In(M’) peffa) L9

C. Limit Results for Dxcc and Dacc

Given that |hy|? = max{|h{" (2, RS2, --
Y, in (43), we observe the following inequality

,hg" 2} and

E{min|hg|2} >E{mlnY } (58)
geg cg
Moreover, from the upper bound in (55), it follows that
E{|hy|? <E{max y,® } (59)
{hy|?) < B maxe (v}

Based on the above bounds, we now revisit the effective
gain Dxcc in (41) and obtain the following

L E{mingeg{Y,})
ey (p)

E {max,e(ran (V") }
— G lim 1n(11\4/)E{mingeg{Yg}}

L—oo 1

(
o) B {maxpeuan{ygp)}}

1
lim - =G
im

L—o

lim lim Dxcc > G
L—o00 p—0

(é) e

(60)
where (a) is obtained by considering (53) and (57). By
combining the upper and lower bounds in (42) and (60), and
invoking the Squeeze Theorem, we arrive at the limit result
limz, ;o lim, 0 Dxcc = G in Theorem 1.

We now turn our attention to characterizing the effective
gain of the ACC-enabled FAMA scheme in the asymptotic
regime. By observing (8) and (10), it is straightforward to see
that Rxcc < Racc. This directly leads to a lower bound for
Dpacc, expressed as
Racc

lim hm Dacc = hm lim

L—o0 p—0 L—oo p—0 TDM

> lim lim Rxcc =

L—00 p—0 RTDM

lim hm Dxcc =G.
L—oo p—

(61)

By considering (10), we obtain the following upper bound
for DACC

GE {% SV In(1+ SNRg,U)}

Dacc < —
Rrpwm
@ GE{ln(1+8NR,.)} _ .
Rrpum '

where (a) holds due to the statistical symmetry across users.

Combining the upper and lower bounds in (62) and
(61), and applying the Squeeze Theorem, we finally obtain
limy o0 lim,—,0 Dacc = G, which completes the proof of
Theorem 1.
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